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For some years now this laboratory has been concerned with the nature of 
the substances involved in the interaction between phage and bacterium.  For 
these studies the dysentery bacillus Shigella sonnei was chosen as host and the 
T  coil-dysentery phages as the viral parasite. Five of the seven viruses within 
this group  attack Phase H  Shigdl~  sonr~ and perpetuate  themselves at the 
expense of the bacterial cell. These viruses begin the infectious process by com- 
bining with a particular substance distributed on the bacterial surface--a com- 
plex  of  carbohydrate,  protein,  and  phospholipid,  which  serves  as  the  viral 
receptor (1, 2). In vitro however it is not necessary to have the complete bac- 
terial antigen to bring about inactivation of the coli dysentery phage T4. The 
lipocarbohydrate component alone suffices. In the following account it will be 
shown  that  this substance,  obtained  from  the  bacterial antigen by chemical 
degradation, will bring about a  rapid inactivation of the T4 virus and its ulti- 
mate  disintegration.  The  factors  which  govern  this  phenomenon  will be  de- 
scribed and the nature of the reaction between the phage and lipocarbohydrate 
will be discussed. 
Materials and Methods 
Strains of Microorganisms.~Cultures of Escherichia coli B  and Phase H  Shigella sonnei 
were originally obtained from Dr. Mark H. Adams of New York University and from the 
United  States Army Medical School.  The  organisms  were  subeultured daily on  nutrient 
agar slants. The wild type strain of T4 phage used in this study was also supplied by Dr. 
Adams. The virus was maintained by transferring on E. toll B grown in nutrient broth. 
Viral Assays  and  Viscosimetric Measurements.--The action of  the lipocarbohydrate on 
the T4 phage was studied by measuring  changes in the infectivity fitre and the viscosity of 
phage-lipocarbohydrate mixtures.  Viral assays were  performed  by the poured agar layer 
technique using Phase II Sk. sonnei as host (3). Viscosity was measured  in Ostwaid  viscos- 
imeters maintained in a thermostat at 37 -4- 0.1°C. Viscosimeters of 5 ml. capacity and hav- 
ing water values of 58 to 76 seconds were employed. 
Aqueous lipocarbohydrate solutions used in  the tests were prepared by dissolving  the 
material in distilled water so as to contain 5 mg./ml. 
Sterile solutions  of the lipocarbohydrate were prepared as follows. A weighed sample of 
material was placed in a sterile test tube. The latter was flamed for most of its length,  and 
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after cooling, the lipocarbohydrate was wetted with a  small quantity of 70 per cent ethanol 
(0.2 ml. per 10 rag.  of substance). After standing for several minutes the polysaccharide was 
dissolved in sterile distilled water. 
Analytical  Melhods.--The  nitrogen content of the materials studied was determined by 
the colorimetric method  of Koch and  McMeekin  (4);  phosphorus  was determined  by  the 
procedure of Allen (5). Determination of the sulfur content was made by the modified method 
of Parr  (6).  Protein was  measured  by the quantitative biuret procedure of Zamenhof  (7) 
using crystalline bovine serum albumen as a standard. Nucleic acid was determined spectro- 
metrically. Purine-bound  deoxyribose was  determined  by the diphenylamine reaction and 
hexose by the cysteine reaction according to the methods of  Dische (8, 9).  Crystalline 1,2- 
deoxyribose, obtained from the collection of Dr. P. A.  Levene, and  d-glucose were used  as 
standards.  Pentose was estimated by the procedure of Mejbaum  (10).  The amount of pen- 
tose was calculated from the optical density at 670  m/~ after correcting for the coloration 
due to the presence of deoxypentose and  hexose.  The latter were determined  quantitatively 
by the methods referred to (8, 9). 
Electrophoretic analyses were made in the Tiselius apparatus,  using a  2  ml. cell (11); 
ultracentrifugal determinations were performed in a  Spinco analytical centrifuge, model E. 
EXPEI~  r~T~.NTAL 
Prepoa'o.~on of T4 Phage.--T4  phage was prepared as follows: 10 liters of a sterile medium 
containing 60 gm. Na2HPO4, 30 gm. KHsPO4,  10 gin. NH4CI, 2.0 gm. MgSO4, 0.1 gm. CaC12, 
and 0.5 gln. glucose was seeded with 1 ml. of an actively growing culture of ]L ¢oli B, and 
the culture was incubated for 18 hrs. at 37°C.  100 ml. of 50 per cent glucose solution was 
now added  and  the culture was vigorously aerated.  When the bacterial concentration had 
reached 5 X  l0  s cells/ml., 1 ml. of a solutionof T4 phage containing 5 X  los P/ml. was added. 
When lysis of the bacteria began, several drops of octyl alcohol were added to prevent exces- 
sive foaming. Aeration was continued for 5 to 6 hours and the culture was finally left over- 
night at room temperature. At the end of this interval the liberation of phage from the host 
cells was completed and  most of the bacterial debris had  sedimented.  The opaque lysate 
containing approximately 1 to 2 X  1011 P/ml. was carefully siphoned into another container. 
The small amount of fluid remaining in the bottle was clarified  by centrifugation and added 
to the main portion. 
The phage was now collected in a  refrigerated Sharples ultracentrifuge. The sedimented 
virus was suspended in 160 ml. of medium and centrifuged for 10 minutes at 5000 g to re- 
move bacterial  debris.  The  superuatant  containing  the phage  was  decanted  and  treated 
with crystalline pancreatic deoxyribonuclease (1 #g./ml.) for 30 minutes at  37°C.  The sol- 
ution was now filtered through a  No. 3  Coors candle and  then centrifuged for 45  minutes 
at  10,000 g. The sedimented phage pellets were resuspended  in buffered  saline at  pH 6.8 
and  the suspension  was further purified by  two additional cycles of centrifugation at low 
and high speeds.  Usually 20 ml. of a purified phage was obtained, containing 1 to 2  X  101. 
P/ml. 
The purified phage suspensions  were examined for homogeneity in the elec- 
tron microscope. 1 It is evident (Fig.  1 a)  that  the preparations  contained  only 
well developed virus particles.  Practically no other particulate  material could 
be seen. The uniformity of the preparations was also confirmed by other means. 
Phage  suspensions,  containing  5  X  10  TM  P/ml.  in  sodium  phosphate  buffer 
1 The authors are greatly indebted to Dr. Keith R. Porter for his kindness in taking the 
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of  ionic  strength  0.1  at  pH  6.8,  were  examined  in  the  ultracentrifuge  and 
subjected  to  electrophoretic analysis as well.  On  electrophoresis only a  single 
boundary could be seen (Text-Fig. 1 a). A  mobility of --4.8  X  10  -5 cm3  volt  -1 
sec.  -1  was calculated from  the descending pattern.  In  the  ultracentrifuge the 
virus  sedimented  as  a  single  component;  the  sedimentation  rate  at  26.5°C. 
was  found  to  be  944  S  (Text-fig.  2  a). 
TExT-Fro.  1.  Electrophoretic patterns of T4  phage  (a)  and  of  the lipocarbohydrate of 
Phase II Sh.  sonnei  (b)  in sodium phosphate buffer of ionic strength 0.1 at pH 6.8. Patterns 
were recorded  after electrophoresis  for 6000 seconds at a  potential gradient of 6.6 and  6.3 
volts/cm, respectively. 
The  extinction  coefficient  at  260  m/~  per  plaque-forming  particle  (optical 
density/titre) of different phage preparations varied between 7  to  11  X  10  -12 
cm.  -°. Since the value of the coefficient did not decrease on further purification, 
it is necessary to assume that the variations observed were due to the presence 
of non-infectious phage particles. 
The  gross  chemical  composition  of  the  virus  was  also  determined  from  a 
sample which was thoroughly dialyzed and dried from the frozen state. Analyses 
revealed that the phage contained 14.2 per cent of nitrogen, 4.6 per cent phos- 736  LYSIS  O~F  T4  PHAGE  BY  SPECIFIC  LIPOCARBOHYDRATE 
phorus,  and  0.8 per cent sulfur.  The protein  content,  when determined  by the 
biuret method,  was found to be 43.6 per cent and  the nucleic acid content,  de- 
termined  spectroscopically,  was  55  per  cent.  Colorimetric  analyses  showed 
that  the  phage  contained  12.1  per  cent  of  deoxyribose  bound  to  purine,  5.2 
per cent of hexose,  and 0.7  per cent of pentose.  Only traces of lipide  (less than 
0.3 per cent)  were liberated on hydrolysis of the phage with hydrochloric acid. 
Preparation  of the Lipocarbohydrate  of Phase II  Sh.  sonnei.--The  bacterial  lipocarbohy- 
drate was prepared  in the following manner.  Dry Phase II bacilli,  killed with formol, were 
TExT-FIG.  2 a.  Sedimentation pattern  of  T4  virus  (5  X  10  TM  P/ml.)  in  0.05  M sodium 
phosphate buffer at pH 6.8 and at 26.5°C.  Photographs were taken at intervals of 4 minutes 
at  12,000 R.P.~t. Bar angle 40  °. 
TExT-FIG.  2 b.  Sedimentation  pattern  of  the  lipoearbohydrate  of  Phase  II  Sh.  sonnei 
(10 mg./ml.)  in 0.1  M sodium phosphate  buffer at  pH 6.8  and  at  26°C.  Photographs  were 
taken at intervals of 4 minutes at 25,000  R.P.M. Bar angle 60  °. 
extracted  with  7  molar urea  solution.  The  somatic  antigen  was  isolated from  the  extract 
and  was  purified  according to  procedures  previously described  (12). 
3.0 gm. of the purified somatic antigen of Phase II Sh. sonnei  was added  to 70 ml. of 90 
per  cent phenol  (13) and  the suspension  stirred  for 30  minutes  at  room temperature.  The 
mixture was transferred  to a cellophane membrane and dialyzed against successive changes 
of distilled water for 3 days at 5°C. This procedure brings about the dissociation of the anti- 
gen.  After removal of  the  phenol  by  dialysis,  the protein  component  precipitated  leaving 
the  lipocarbohydrate  in  solution.  The  protein  was  separated  by  centrifugation,  and  the 
supernatant  liquid was concentrated, again dialyzed, and finally dried from the frozen state. 
2.2 gm. of lipocarbohydrate was obtained. 
The  lipocarbohydrate  is a  substance  of high  molecular  weight.  An  electron 
micrograph  of a  desiccated droplet  of an aqueous solution is shown in Fig.  1 b. 
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50 to 100 A. The particles aggregate readily and around the edges of the drop- 
let form layers. On ultracentrifugation of a 1 per cent solution of the lipocarbo- 
hydrate in 0.1 M sodium phosphate buffer at pH 6.8 an initially sharp boundary 
and a gradient on the bottom of the cell are formed (Text-fig. 2 b). The bound- 
ary is asymmetric however, and spreads rapidly, a  fact which  indicates that 
the  material  is  not  monodispersed.  The  sedimentation  rate  of  the  material 
causing  the  boundary  was  found  to  be  134  S  at  26°C.  The  electrophoretic 
pattern of the lipocarbohydrate shows but a  single component having a  mo- 
bility of -  8.0  X  l0  -~ cm.  2 volt  -1 sec.  -1 calculated from the descending pattern 
(Text-fig. 1 b). In this experiment a  1 per cent solution in sodium phosphate 
buffer of ionic strength 0.1 and at pH 6.8 was used. 
Chemical analyses revealed that the lipocarbohydrate prepared as described 
contained 2.4 per cent of nitrogen and 3.9 per cent of phosphorus. On hydrol- 
ysis with  1 N hydrochloric acid,  lipides and  reducing  sugars were liberated; 
the lipide fraction accounted for 31.2 per cent and reducing sugars for 28.1 per 
cent of the substance. The monosaccharide components of the lipocarbohydrate 
were  identified  by  chromatographic  and  colorimetric  methods.  They  were 
identical with  those present in the lipocarbohydrate obtained from Phase II 
bacilli which had been killed with phenol and which was described in a previous 
communication (2). 
Anti~iral Activity of the Lipocarbohydrate of Phase H  Sh. sonnei 
When  dilute  solutions  of T4 phage and  the  lipocarbohydrate  of Phase  II 
Sh. sonnei  are mixed, the two substances rapidly interact as manifested by a 
marked decrease in the infectivity titre of the virus.  If the lipocarbohydrate 
is added to a concentrated phage suspension, not only is the virus inactivated 
but the viscosity of the solution also increases markedly (14). It will be demon- 
strated in the following experiments that  the rate of phage inactivation and 
the rate of increase in specific viscosity of the mixture are dependent upon the 
manner in which the solution of the lipocarbohydrate is prepared. In the first 
series of these experiments the rate of inactivation of the virus was ascertained. 
4.8 ml. portions of T4 phage (1.85 X  1@  1 P/ml.) in 0.1 M sodium phosphate buffer at pH 
6.8 were placed into each of two tubes maintained at 37°C. To the first was added 0.2 ml. 
of an aqueous solution of lipocarbohydrate conta~ing  5 mg./ml., and  to the second was 
added 0.2 hal. of a solution of llpocarbohydrate which had been sterilized with alcohol. Sam- 
ples were removed from each of the tubes at intervals, diluted, and assayed for viable phage. 
To ascertain whether  the alcohol used for sterilizing  the lipocarbohydrate 
exerted any effect upon  the viability of the virus, a  control experiment was 
also performed. 
4.8 ml. of phage suspension was placed into each of two tubes. To one was added 0.2 mL 
of phosphate buffer and to the other 0.2  ml. of buffer containing 7 per cent ethanol. The 
solutions were maintained at 37°C.  and assayed at intervals for viable phage. 738  LYSIS O]~ T4 PHAGE  BY SPECIFIC LIPOCARBOHYDRATE 
The  results  of these  experiments  are  shown  in  Text-fig.  3  where  the  per- 
centage of inactivated  phage is plotted  as a  function of time.  It can be seen 
that  phage  is  inactivated  very rapidly  when  it  is  mixed  with  a  solution  of 
alcohol-sterilized lipocarbohydrate. Some 95 per cent of the virus is inactivated 
during  the first 5  minutes  (curve  1).  As the reaction proceeds,  however,  the 
rate becomes slower and at the end of the experiment  only 1 per cent of the 
original phage still remains infective. 
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T~xT-Fzo. 3. Rate of inactivation  of T4 phage by the lipocarbohydrate  of Phase II Sh. 
sonnd. Curve 1, inactivation  of virus by a solution of lipocarbohydrate,  sterilized with alco- 
hol.  Curve  2, inactivation  of virus  by an aqueous solution of lipocarbohydrate.  Curve  3, 
spontaneous  inactivation  of virus  in phosphate  buffer.  Curve  4,  inactivation  of virus  in 
phosphate  buffer containing 0.3 per cent ethanol. 
T~xT-Fm. 4. Rate of lysis of T4 phage by the lipocarbohydrate  of Phase  II Sk. sonnd. 
Curve 1, lysis of virus by lipocarbohydrate  sterilized with alcohol. Curve 2, lysis of virus by 
aqueous solution of lipocarbohydrate.  Curve 3, lysis of virus by aqueous  solution of lipo- 
carbohydrate  in buffer containing 0.3 per cent ethanol.  Curve 4, stability  of virus in phos- 
phate buffer containing 0.3 per cent ethanol. 
The  solution  of lipocarbohydrate  not  treated  with  alcohol  inactivates  the 
phage more slowly. In this instance  only 78 per cent of the virus was inacti- 
vated during the first 5 minutes and as much as 4 per cent remained infectious 
after  2  hours of incubation  (curve 2).  In both instances  the kinetics of inac- 
tivation were apparently of a higher order than that of a second order reaction. 
As shown by curves 3  and 4,  the  titre  of both  control samples  decreased by 
some  14 per cent during  the  experiment,  a  fact which indicates  that alcohol 
at low concentration had no effect upon the stability of T4 phage. 
In the  second series of experiments  the rate  of increase  in viscosity of the 
phage lipocarbohydrate mixture was measured. 
Thus, 4.8 ml. of T~ phage suspension (2 X  10  u P/ml.) in 0.1 M sodium phosphate  buffer 
at pH 6.8 were placed into each of two viscosimeters maintained  at 37°C. To the first was MARGEKIS  A.  J]~SAITIS  AND  WALTHER  1  ¢.  GOEBF.L  739 
added 0.2 ml. of the sterile solution of the lipocarbohydrate (5 mg./ml.), and to the second 
0.2 ml. of an aqueous lipocarbohydrate solution. 
To determine whether alcohol would have any effect upon the viscosity of 
the phage solution or upon the rate of change in viscosity of a  mixture con- 
taining  phage  and  aqueous  lipocarbohydrate  solution,  the  following  control 
experiments were performed. 
4.8 ml. aliquots of phage suspension in phosphate buffer, containing 0.3 per cent ethanol, 
were placed in two viscosimeters. To one was added 0.2 mi. of aqueous lipocarbohydrate 
solution, to the other 0.2 ml. of buffer. The viscosity of all four solutions was now measured 
at intervals during a 2 hour period. 
The results of these experiments are shown in Text-fig. 4. It is seen that the 
viscosity of the  solution  increased  very rapidly when  alcohol-sterilized lipo- 
carbohydrate was added to the phage (curve 1). On the other hand,  when an 
aqueous solution was used,  the viscosity of the mixture increased at a  much 
slower rate  (curve 2).  It will also be noted that alcohol, when added  to the 
phage prior to the addition of the aqueous lipocarbohydrate solution, had no 
effect upon the rate of change in viscosity (curve 3).  Finally,  it  can be seen 
that  alcohol itself at a  low concentration  had no effect upon phage,  for the 
viscosity of  the  solution  containing  only virus and  ethanol  did  not  change 
(curve 4). 
Since the viscosities of both the phage and lipocarbohydmte solutions them- 
selves are low,  the increased viscosity of their mixture must be due to some 
new material which makes its appearance in the system. In order to determine 
the  origin  of the  latter,  the  mixture  of virus and  lipocarbohydrate was  ex- 
amined in the electron microscope. 
One mi. of a  suspension of T, phage (102 P/ml.) in 0.1 ~s ammonium acetate at pH 6.9 
was mixed with an equal volume of a sterile lipocarbohydrate solution containing 500/zg./ml. 
The mixture was incubated for 2 hours at 37°C.  An aliquot was then removed and diluted 
tenfold with distilled water. Droplets of this solution were deposited upon grids which had 
been coated with a formvar film. The latter were dried and finally shadowed with chromium. 
Micrographs were made with an RCA electron microscope at a  magnification of 7200. 
It can be seen from Fig. 2 a  that when the lipocarbohydrate interacts with 
the virus, only a  few phage particles remain intact. Most of the virus appears 
in  the form of flat empty membranes with raised  edges and  embedded in a 
network  of filaments.  Since  the  phage  and  lipocarbohydrate  themselves are 
free of fibrous material  the  filaments must have  originated  from the phage 
particles. The structure of the membranes could be seen more clearly when the 
specimen for electron microscopy was dried by the critical point method (15). 
It can be seen from Fig. 2 b that in this instance the viral membranes appear 
to retain the shape of the phage particle; however their tails are shorter than 
those of intact phage. 740  LYSIS  OF  T4  PHAGE  BY  SPECIFIC  LIPOCA1LBOHYDNATE 
The filaments are relatively uniform and their diameter can be estimated as 
being 50 to 100 A. It has been shown by Williams (16) that the filaments pres- 
ent in the phage head have a diameter of 20 A. It is possible therefore that the 
filaments seen in the micrographs presented here are formed by association of 
smaller particles. 
It is clear from the foregoing that when the phage reacts with the bacterial 
lipocarbohydrate the viral particle is lysed and that a substance present in the 
phage head is released into the surrounding medium. It is this material which 
causes the increased viscosity of the solution. Since the amount released from 
a  single phage particle must be constant, it is obvious that its concentration 
must be proportional to the concentration of lysed phage. The rate at which 
the viscosity of the solution increases must therefore represent the rate at which 
lysis of the virus takes place. 
In view of the foregoing it is now possible to give an additional interpreta- 
tion of the data presented in Text-figs. 3 and 4. It can be seen in the two dia- 
grams that when phage is mixed with an aqueous solution of the lipocarbo- 
hydrate the increase in viscosity of the mixture, (i.e. lysis of the virus), proceeds 
more slowly than does inactivation of the phage (curves 2). This fact suggests 
that the reaction between phage and lipocarbohydrate proceeds in two steps. 
During  the  first  step,  a  non-infectious  phage-lipocarbohydrate  complex  is 
formed,  whereas  in  the  second phase  of the  reaction  a  viscous material  is 
released from this  complex. When  phage  reacts with  a  solution  of alcohol- 
sterilized lipocarbohydrate at  37°C.  (curves 1)  inactivation and lysis of the 
virus occur so rapidly that the difference in rates cannot be distinguished by 
the methods employed. 
Effect of Phage and Lipocarbohydrate Concentrations upon Viscosity 
The increase in viscosity of the phage-lipocarbohydrate mixture is dependent 
upon the concentration of both components of the reaction. This relationship 
will be demonstrated by the following experiments. The effect of the concen- 
tration of lipocarbohydrate will first be described. 
A solution of alcohol-sterilized lipocarbohydrate (2500 /~g./ml.) in 0.1 ~  sodium phos- 
phate buffer was diluted serially in the same buffer. 1.0 ml. portions of the first six dilutions 
were placed in viscosimeters containing 3.8 ml. of buffer and maintained at 37°C. To each 
was added 0.2 ml. of phage suspension (5 X  10  ~ P/ml.) and the viscosity was measured at 
intervals over a 2 hour period. 
The changes in viscosity which took place in the various solutions are shown 
in Text-fig. 5. It can be seen that when the concentration of lipocarbohydrate 
was  high,  the viscosity of the solution reached a  maximum value within  10 
minutes, it then decreased slightly and remained constant. In those instances 
in which the concentration of lipocarbohydrate was low, the viscosity increased MARGERIS  A.  JESAITIS AND  WALTHER  F.  GOEBEL  741 
slowly and no secondary decrease could be observed. Although no satisfactory 
explanation of this phenomenon can be given, it is apparent that the material 
released from the phage undergoes some change, the nature of which is un- 
known. It can also be seen from the diagram that the viscosity of the solutions 
increased to a  certain value, and that the latter was related to the amount of 
lipocarbohydrate employed. This relationship is shown in Text-fig. 6 in which 
the viscosity of the solutions after 2 hours is plotted as a function of the con- 
centration of lipocarbohydrate. It is apparent that the viscosity of the solu- 
tions increased proportionately to the concentration of lipocarbohydrate until 
the latter reached 62 ~g./ml. At higher concentrations the viscosity increased 
o4 J 




!  I 
0.3 
Y~Pa~ 
*,  -  i~/LJ/~ 
.  ,J~ 
:  =  62  S 
I  i  ,t  t  q  i  I 
60  .1.~0  31 62  J25  2.5O  50O 
1~inut e~  Lipoco~bohyd~ate  fl~/ml. 
I~G. 5  i~o. 6 
TEXT-FIo.  5.  Effect  of lipocarbohydrate  concentration  on  the  viscosity of phage-lipo- 
carbohydrate mixture. Figures in the diagram indicate the final concentration of lipocarbo- 
hydrate. 
TExT-FIG.  6.  Relationship  between  the concentration  of lipocarbohydrate and  the vis- 
cosity of phage-lipocarbohydrate mixtures. 
but slightly and finally reached a  maximum value. This value is determined 
by the concentration of inactivated phage as will be  seen from that which 
follows: 
2.5  ml. portions  of sterile 1/pocarbohydrate  solution in phosphate  buffer  (500  ~g./ml.) 
were added to each of five viscosimeters containing an equal volume of phage suspension of 
varying concentration  (16 to 1 X  1011 P/ml.). The viscosimeters were maintained at 37°C. 
and after 2 hours,  the viscosity of the solutions was measured.  Samples were removed, di- 
luted, and assayed for viable phage. 
The results of this experiment are shown in Text-fig. 7, in which the specific 
viscosity of the various phage lipocarbohydrate mixtures is plotted against the 
concentration of inactivated virus. Here it can be seen that the specific  vis- 
cosity of  the  solutions  is  proportional  to  the  concentration  of  inactivated 742  LYSIS OF T4 PHAGE  BY SPECIFIC LIPOCARBOHYDRATE 
phage for the curve connecting the experimental  points is nearly linear.  It is 
also apparent that the specific viscosity increases by 0.19 for each 10  n P/ml. 
inactivated. 
Several  determinations of the latter parameter were made using different 
preparations of virus and it was observed that the slope of the curve showed 
some variation. This was believed to be due to the presence of varying amounts 
of non-plaque-forming phage particles,  the quantity of which was dependent 
upon the age of the virus preparation. These particles apparently are still able 
to  react  with  the  lipocarbohydrate and  contribute  to  the  viscosity of  the 
solution, 
It will also be observed in the diagram (Text-fig. 7) that 7.15 X  10  n P/ml. 
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TEXT-FIo.  7. Relationship between the concentration of inactivated phage and  the vis- 
cosity of phage-lipocarbohydrate mixtures. 
that approximately 3.5  X  10  -18 gm. of lipocarbohydrate is required to inacti- 
vate one phage particle. 
Environmental Factors Affecting the L ysis of T4 Phage 
In order  to determine the optimum conditions  for the interaction between 
phage and lipocarbohydrate, the effects of temperature, salt,  and hydrogen 
ion concentration were studied. The phage was exposed to the action of the 
lipocarbohydrate under varying conditions  and  the viscosity changes  were 
measured.  The experiments  were performed as follows:-- 
4.6 ml. portions of buffers,  having different compositions, and 0.2 ml. of phage suspension 
containing 5  X  10  m P/ml. were plsced in viseosimeters at the desired temperature. 0.2 ml. 
of sterile lipocarbohydrate solution  (5 mg./inl.)  was added  at zero time and  the viscosity 
measured at intervals. 
The results of these experiments  are  summarized  in  three diagrams pre- 
sented in Text-fig.  8.  Here  the  specific viscosities  of the various solutions MARGERIS  A.  ]ESAITIS  AND  WALTHER  ~'.  GOF-BEL  743 
measured after 30 minutes, are plotted as a function of temperature, pH, and 
salt concentration. 
First,  the effect of variations in temperature was studied  in  0.1 ~  sodium 
phosphate buffer at pH 6.8. It can be seen from diagram I  that the viscosity 
of the solutions increased as the temperature of incubation was raised from 
17-42°C. At higher temperatures (47 and 52°C.), lysis proceeded rapidly, but 
the viscosity of the solution was less than that of a  solution which had been 
maintained at 42°C. This phenomenon is probably due to the partial inactiva- 
tion of phage by heat. 
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"I~xT-FIo. 8. Effect of temperature, pH, and mlt concentration on the viscosity of phage- 
lipocarbohydrate  mixtures. 
From the second series of the experiments (diagram H) it is apparent that 
the pH of the medium influenced greatly the rate of lysis of the phage by the 
lipocarbohydrate. Here the effect of pH was studied at 37°C.  in 0.1 ~r sodium 
phosphate buffer in the range between pH 5.4 and 7.4.  Between pH 7.8 and 
9.8  a  mixture of equal volumes of 0.1  M sodium veronal and 0.1  ~  sodium 
glycocoll was used. The pH of the solutions was adjusted with 1 N hydrochloric 
acid to the desired value. It can be seen in the diagram that the viscosity of the 
solution did not change at pH 5.4. Lysis of the phage took place however be- 
tween pH 5.8 and 8.8 and again became slower when the pH of the buffer was 
increased. 
Finally the effect of salt concentration on lysis of the virus was tested, again 
in sodium phosphate buffer at pH 6.8 and at 37°C. The molarity of the buffers 744  LYSIS OF  T4  PHAGE BY  SPECIFIC LIPOCARBOHYDRATE 
was varied from 0.01  to 0.5.  From the third  diagram it can be seen that the 
viscosity of the mixtures rose rapidly when the salt concentration was greater 
than  0.02  molar.  At higher  salt  concentration  (0.4  to 0.5  molar)  interaction 
between phage and lipocarbohydrate was but slight,  for there was little or no 
increase  in  the  viscosity of the  mixture. 
The Role of the Alcohol-Soluble  Lipide 
It has been pointed out that the rate at which phage undergoes lysis is in- 
fluenced by the manner in which the solution of the lipocarbohydrate is pre- 
pared. When the latter is wetted with alcohol it apparently undergoes a change 
which  brings  about  an  increase  in  its  activity.  In  order  to  understand  the 
nature  of this  change,  the action of alcohol upon the lipoearbohydrate  itself 
was  investigated.  Preliminary  experiments  have  shown  that  the  capacity of 
the lipoearbohydrate to lyse phage is diminished after extraction with alcohol. 
Almost a  complete loss of antiviral activity occurs when the polysaccharide is 
extracted with 70 per cent ethanol. 
100 rag. of lipocarbohydrate  was suspended in 5 mi. of 70 per cent ethanol and the in- 
soluble material  was separated  by centrifugation.  The precipitate  was  reextracted  and the 
sediment was washed with 5 nil. of absolute alcohol a~d dried in ¢acuo. 73.4 rag. of extracted 
lipocarbohydrate  was recovered. The alcohol extract# were combined, filtered, and evapo- 
rated to dryness. 17.8 rag. of a lipide-like residue was recovered (alcohol-soluble lipide). 
The activity of the two fractions was tested as follows:-- 
0.1 ml. of T~ phage suspension (1  X  101~ P/ml.) and 0.2 nil. of an aqueous solution of 
extracted  lipocarbohydrate  (5 mg./ml.)  were added to each of four viscosimeters containing 
an approporiate volume of 0.1 g sodium phosphate buffer at pH 6.8 and n~intained at 37°C. 
Varying amounts  of lipide suspension (0.05, 0.10, 0.15, 0.20 ml.) were now added  to each 
viscosimeter and the viscosity was measured at intervals. The lipide suspension was prepared 
by dispersing 8.0 rag. of material in 1.0 mL of hot 0.1 M disodium phosphate. The pH of this 
solution was subsequently adjusted  to 6.8 by adding an equal volume of 0.1 g  monosodium 
phosphate.  The quantity of buffer employed was such that the final volume of the solution, 
after adding  the various components, was exactly 5 ml. The viscosity of control  solutions 
containing phage and extracted  lipocarbohydrate,  as well as phage and lipide (200/~g./ml.), 
was also determined. 
The results of these determinations are shown in Text-fig. 9 a. It can be seen 
from the diagram  that neither  the lipide  nor the  extracted  lipocarbohydrate 
alone had any effect upon the viscosity of the virus solution. Lysis of the phage, 
as determined by viscosity changes, occurred only when both substances were 
added. It is apparent that the rate of lysis was proportional to the amount of 
lipide added. In addition the viscosity of the solution, and hence the extent to 
which lysis had  taken place,  was also dependent  upon the quantity of lipide 
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To determine whether alcohol had any effect upon the activity of the lipide 
and lipocarbohydrate, a  second experiment was performed. 
10 rag. of extracted lipocarbohydrate was first wetted with 0.2 ml. of 70 per cent ethanol 
and then dissolved in 1.8 ml. water. A sample of lipide was also prepared by dissolving 4.8 
nag. in 1.2 ml. of 70 per cent ethanol. The effect of these solutions upon phage was tested as 
described above. The amount of lipide, however, was slightly different; 0.025, 0.05, 0.075, 
and 0.1 ml. of the solution was employed. 
The results of these experiments are presented in Text-fig. 9 b. Here too it 
is apparent that the phage is unaffected by an alcoholic solution of the lipide 
or by a  solution  of alcohol-wetted  lipocarbohydrate  alone.  Only when  both 
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TEXT-FIo. 9.  Reactivation  of extracted  lipocarbohydrate by alcohol-soluble lipide. (a) 
Reactivation in alcohol-free system. (b) Reactivation in the presence of alcohol. Figures in 
the diagrams indicate the final concentration of lipide. The effect of extracted lipoearbo- 
hydrate and of lipide alone is shown by curves ELC and Li respectively. 
substances are added to the phage does lysis occur.  Furthermore,  the rate of 
lysis appears to be a  function of the concentration of lipide,  but the quantity 
required  to  activate  the  lipocarbohydrate  is  but  half that  necessary in  the 
alcohol-free system. 
These observations indicate  clearly that  part  of the  lipide  moiety of the 
lipoearbohydrate is present in a  loosely bound state  which  can  be separated 
by repeated  extraction  with  70 per cent  ethanol.  The  alcohol-soluble lipide 
fraction plays an important role in the reaction  between phage and lipocarbo- 
hydrate; its presence is essential for the reaction to take place.  In this respect 
the lipide behaves as a  cofactor.  The increased antiviral activity of lipocarbo- 
hydrate after wetting with alcohol must be attributed to a change in the state 
of dispersion of both the lipide and lipocarbohydrate particles. 746  LYSIS  OF  T4  PHAGE  BY  SPECn~IC  LIPOCA1LBOHYDRATE 
The Nature of the Lipide Cofactor 
It was not possible to obtain sufficient material for the chemical identifica- 
tion of the lipide  cofactor by extracting the lipocarbohydrate itself, largely 
because only small amounts of the latter were available. It was found, how- 
ever,  that the active principle was present in a  lipide fraction derived from 
Phase II Sh. sonnei  bacilli. Thus, when urea extracts of this microorganism 
were dialyzed, a  small amount of crystalline material precipitated from solu- 
tion. This substance was collected and recrystallized from ethanol. The ma- 
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TExT-FIG.  10.  Inactivation of 2"4 phage by extracted lipocaxbohydrate and by palmitic 
acid.  Curve I, extracted lipocarbohydrate and palmitic acid. Curve 2,  extracted lipocarbo- 
hydrate. Curve 3, palmitic acid. 
terial proved to be palmitic acid; it melted at 61-63°C. and was characterized 
by elementary analysis and infrared absorption spectrum. 
When palmitic acid was added to a  mixture of phage and  the extracted 
lipocarbohydrate, the activity of the latter was restored. 
4.8 ml. of "1"4 suspension in 0.1 vr sodium phosphate buffer at pH 6.8 (1.25  X  10  u P/ml.) 
was placed in each of three tubes maintained at 37°C. To the first was added 0.2 ml. of a 
sterile solution of extracted lipocarbohydrate (5 mg./ml.) and 0.05  ml. of palmitic add dis- 
solved in 95 per cent ethanol (2 mg./ml.). To the second tube was added 0.2 ml. of lipocar- 
bohydrate solution and 0.05 ml. ethanol, and to the third tube 0.05 ml. of an alcoholic solu- 
tion of palmitic acid and 0.2 ml. of buffer was added. Samples were removed from each tube 
at intervals, diluted, and assayed for viable phage. 
From Text-fig. I0 it can be seen that a rapid inactivation of the virus took 
place only when palmitic acid had been added to the extracted lipocarbohy- 
drate. When the two substances were mixed separately with the virus, inac- 
tivation of the latter proceeded essentially at the same rate as in the presence 
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The minimum amount of palmitic acid necessary to activate the lipocarbo- 
hydrate was determined as follows:- 
0.1 ml. of a solution of T4 phage (10  ~ P/ml.) and 0.2 ml. of a sterile solution of extracted 
lipocarbohydrate  (5  mg./ml.)  was added  to 4.65  ml. of 0.1  I  sodium phosphate  buffer at 
pH 6.8 contained in viscosimeters at 37°C. To each was now added 0.05 ml. of an alcoholic 
solution of palmitic acid containing 16, 8, 4, 2,  1, 0.5, and 0.25 mg./ml. The viscosity of the 
solutions  was  measured  at  frequent intervals during  a  2  hour  period.  A  control  solution 
containing only phage and palmitic acid (80 #g./ml.) was included in the experiment. 
The  changes  in viscosity which occurred in the various solutions are pre- 
sented  graphically  in Text-fig.  11.  It  can be seen that  the phage  was lysed 
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Truer-FiG. 11. Reactivation of extracted lipocarbohydrate by varying amounts of palmitic 
acid. The figures  in the diagram indicate the final concentration of palmitic acid. The effect 
of the fatty acid alone is indicated by the curve marked PA. 
palmitic acid. The reaction proceeded very slowly if the concentration  of the 
fatty acid was less than  10 #g./ml.  On the other hand,  if an excess was em- 
ployed, (160 ~g./ml.)  the rate of lysis again decreased. Finally, it is seen that 
palmitic  acid,  in  the  absence  of the  lipocarbohydrate,  was entirely  without 
effect upon the viscosity of the phage solution. 
In order  to determine  whether  reactivation  of the  lipocarbohydrate  could 
be brought about by other compounds,  the effect of butyric, caprylic, lauric, 
myristic, stearic, arachidic,  and desoxycholic acids, as well as of methylpalmi- 
hate, tripalmitin,  and tryptophane was tested. The experiments were performed 
as above except that the substances were dissolved in alcohol so as to contain 
2 mg./ml. 
The results, presented in Text-fig.  12 reveal that the phage was lysed most 
rapidly in the presence of myristic and palmitic acids.  Stearic acid activated 748  LYSIS  OF  T4  PHAGE  BY  SPECIFIC  LIPOCARBOHYDRATE 
the lipocarbohydrate less vigorously, whereas iauric and arachidic acids showed 
only a  slight effect. The methyl ester of palmitic acid  showed some activity, 
whereas tripahnitin was  entirely inactive, as were the other substances tested. 
It will be noted that none of the substances was capable of lysing the phage in 
the absence of lipocarbohydrate. 
These experiments indicate clearly that  lysis of I"4 phage takes place only 
when a  small amount of a  fatty acid is added to the  mixture of phage and 
extracted  lipocarhohydmte; fatty acids  containing  14  to  18  carbon  atoms 





.+--4  +  tZ 
15  30  60  120 
]~inul;e~ 
TExT-FIG. 12.  Reactivation of extracted lipocarbohydrate by various fatty adds and 
their derivatives. Curve 1, lauric acid. Curve 2, myristic acid. Curve 3, palmitic acid. Curve 
4, stearic acid. Curve S, arachidic acid. Curve 6, methyl palmitate. Curve 7, tripalmitin. 
Curve 8, control: palmitic acid in absence of the lipocarbohydrate. 
Specificity of tke Antiviral Activity of tke Lipocarbokydrate of Phase H  Sk. sonnei 
In order to determine whether the lyric activity of the bacterial lipocarbo- 
hydrate is  specific, its effect upon T~, T4, and  Te phages  was  studied.  The 
tests, which are outlined below, were performed in nutrient broth containing 
0.5 per cent sodium chloride. This medium was used because the T2 phage, in 
contrast to T4 and Ts, is markedly unstable in phosphate buffer. 
Thus, 4.8 ml. of T2, T,, and T6 suspensions in nutrient broth, containing 2 X 1011 P/ml., 
was placed in each of three viscosimeters  at 37°C. 0.2 ml. of a sterile solution of lipocarbo- 
hydrate (5 mg./ml.) was then added and the viscosity was measured at intervals during a 
2 hour period. 
The results of this experiment are shown in Text-fig. 13. Here it can be seen 
that only the T4 phage underwent lysis in the presence of the lipocarbohydrate. 
The viscosity of the solutions containing the two other phages  (T~ and "I"6) 
remained unchanged.  It is apparent from this that  the lyric activity of the 
lipocarbohydrate is directed only against the T4 virus. MARGERIS  A.  fESAITIS  AND  WALTHER  F.  GOEBEL  749 
It was also of interest to determine whether lysis of the T~ phage could be 
brought about by a substance chemically related to the lipocarbohydrate. The 
action of the degraded somatic antigen of a  phage-resistant variant  of Sit. 
sonrwi IX/3,4,7  was therefore tested. It will be recalled that the latter is a 
complex of protein, lipide, and carbohydrate, containing monosaccharide com- 
ponents which differ from those found in the antigen of the parent Phase IX 
bacillus (17).  The tests showed that the antigen of the variant II/3,4,7 did 
not lyse T, virus even in presence of palmitic acid. This fact strongly sug- 
gests that the affinity between the T4 virus and the lipocarbohydrate of Phase 
1-[ Sit.  sonnd is determined by the chemical structure of the polysaccharide 
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TEXT-FIG.  13.  Effect of  ]/pocarbohydrate of Phase II Sh. $on~q upon "1"2, T4,  and T 
phage. 
Variation  in  Activity  of  the  Phase  H  Sh.  sonnei  Lipocarbohydrate 
In the course of this study several preparations of lipocarbohydrate were 
made  and  it  was  observed  that  they showed  differences in  their  antiviral 
activity. To determine the cause of this, a  preparation of lipocarbohydrate, 
less active than that described above, was studied. This second preparation 
was similar in its gross chemical composition to the first; it contained 1.8 per 
cent nitrogen, 3.5 per cent phosphorus, and on hydrolysis yielded 30.4 per cent 
reducing sugars and 34.3  per cent of lipide. The polysaccharide differed from 
the more active preparation,  in that it contained less alcohol-soluble lipide; 
only 8.9 per cent instead of the 17.0 per cent found in the first preparation. 
The antiviral properties of this new material differed from those of the first 
mainly in that it was less active when tested in phosphate buffer. Tt was neces- 
sary to employ some 500 #g. of alcohol-wetted lipocarbohydrate in order to 
lyse 2  X  10  it T4 particles.  H  alcohol sterilization was omitted, lysis of the 
phage was slow and incomplete. The activity of the substance was increased 750  LYSIS  O~  T4  PHAGE  BY  SPECIFIC  LIPOCARBOHYDKATE 
greatly when palmitic acid was added to the buffer or when the test was per- 
formed in nutrient broth.  The latter apparently contains small  amounts of 
free fatty acid. If the lipocarbohydrate was extracted with alcohol, it behaved 
in the same manner as did the first preparation when the latter was extracted 
with 70 per cent ethanol. Both preparations failed to lyse the phage but their 
activity could be restored by adding some 10 per cent of palmitic acid. From 
the foregoing it is evident that the two lipocarbohydrates differed mainly in 
their content of lipide cofactor, and that this difference was reflected in their 
antiviral activity. 
DISCUSSION 
When a  phage particle encounters a  susceptible bacterial cell a  reversible 
electrostatic linkage is first formed between the receptor substance distributed 
on the surface of the microorganism and that on the phage tail. This union 
later becomes irreversible,  for the phage  can no longer be  recovered as an 
infective particle  (18).  It has been shown that when the even-numbered T 
phages combine irreversibly with their bacterial host, the viral particle under- 
goes disintegration and the bulk of the phage nucleic acid enters the bacterial 
cell (19). 
A  similar sequence of events takes place when T4 phage reacts with the 
specific lipocarbohydrate of Phase II Sk. sonnd.  From the experimental data 
which have been presented it is evident that when these two substances react 
in vitro,  the virus is inactivated and the content of the phage membrane is 
released into the surrounding medium. Since the rate at which the phage is 
inactivated is more rapid than the rate at which the viscosity of the solution 
increases, it is possible that these two processes do not occur simultaneously. 
In all probability the virus first combines with the lipocarbohydrate, becomes 
inactivated, and the intraviral material is subsequently released. 
The mechanism by which the lipocarbohydrate brings about the inactiva- 
tion and ultimate disintegration of the virus is far from understood. From the 
present work it is apparent, however, that the union between the two is medi- 
ated by a lipide cofactor. Although the chemical nature of the latter has not 
been entirely established, indirect evidence suggests that it is a fatty acid, and 
possibly palmitic acid. It is probable that the surface of the lipocarbohydrate 
molecule must first be saturated with fatty acid before it is capable of reacting 
with the virus. The ions of the medium also play a significant role in the inter- 
action between phage and lipocarbohydrate. Lysis of the virus proceeds only 
in the presence of a certain amount of salts. Apparently the surface charges of 
the reacting components must first be shielded by ions before the union be- 
tween phage and lipocarbohydrate can be established (18).  And finally, it will 
be noted that the reaction between these two agents is temperature-dependent 
and has a  pH optimum as well. These facts suggest that an enzymatic step 
may be involved in the process of liberating the intraviral substance. MARGERIS A.  JESAITIS AND WALTH~R F.  GOEBEL  751 
From the experiments which have been described it is apparent that the in 
vitro inactivation of T4 phage by the lipocarbohydrate of Phase II Sh. sonnd 
and the infection of living bacilli by viable phage have many points in common. 
In both instances the union is specific, the virus is destroyed, and there is a 
release of intraviral material. Because of this, it is justifiable to assume that 
the reactions which bring about destruction of the virus are in both instances 
identical. Since the lipocarbohydrate is a  component of the surface antigen of 
the sonnei bacillus it can be concluded therefore, that it is this material which 
serves as the receptor substance for the phage and which initiates the infectious 
process when the virus comes in contact with the living cell. 
SUMMARY 
When the specific  lipocarbohydrate of Phase II Sh. sonnei and T~ phage re- 
act in ~tro,  the virus  is rapidly inactivated and the content of the viral  mem- 
brane is released into the surrounding  medium. The reaction between phage 
and lipocarbohydratc  proceeds  only in the presence of a lipide constituent 
which can be extracted from the polysaccharide,  rendering the latter  inactive, 
and which can be replaced by certain fatty  acids.  It has been suggested that 
the lipocarbohydrate is the receptor substance of the Phase II bacillus  which 
specifically  combines with and brings about disintegration of the virus  when 
the latter  infects  the host cell. 
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EXPLANATION OF PLATES 
PLATE 81 
FIG. 1 a.  Electron micrograph of T4 vires after evaporation of an aqueous solution 
containing  101° P/mL  Dark  patches  are  depressions  in  the  supporting  film.  The 
preparation was shadowed with chromium.  X  45000. 
FIG.  1 b.  Electron  micrograph  of  the  lipocarbohydrate of  Phase  II  Sh.  sonn~ 
after evaporation of a  solution containing 25 #g./ml. in 0.005  M ammonium acetate 
at pH 6.9. The preparation was shadowed with chromium.  X  45000. THE  JOURNAL  OF  EXPERIMENTAL  MEDICINE  VOL. 102  PLATE 81 
(Jesaitis and Goebel: Lysis of T4 phage by specific lipocarbohydrate) PLATE 82 
Fio. 2.  Electron micrographs of a solution containing T4 phage and the lipocarbo- 
hydrate of Phase II Sh. sonnei.  (a)  Micrograph of a solution evaporated over CaCl2. 
(b)  Micrograph of a  solution dried by the critical point method. Both preparations 
were shadowed  with chromium. )4 45000. THE  JOURNAL  OF  EXPERIMENTAL MEDICINE  VOL. 102  PLATE  82 
(Jesaitis and Goebel: Lysis of T4 phage by specific lipocarbohydrate) 